Introduction
Morphological and functional diversity of cortical GABAergic interneurons along with the unexpected scale of heterogeneity among glutamatergic principal cells is a fundamental feature of cortical circuits (Freund and Buzsáki, 1996; Silberberg et al., 2005; Klausberger and Somogyi, 2008; Varga et al., 2010; Mizuseki et al., 2011) . This cellular complexity enables division of labor (Miles et al., 1996) , which is reflected in distinctive neuronal outputs during network activity patterns (Klausberger et al., 2003; Gentet et al., 2010) . These cell type-specific outputs are predominantly governed by various synaptic conductances that require continuous regulation to follow dynamically changing neuronal ensembles (Buzsáki, 2010; Isaacson and Scanziani, 2011) . Numerous forms of synaptic plasticity are manifested in cortical principal cells and interneurons contributing to these "synapsembles" (Feldman, 2009; Buzsáki, 2010; Kullmann and Lamsa, 2011) . Long-term depression (LTD) of excitatory synapses is a prime example because it is causally linked to behaviorally relevant processes such as sensory map reorganization (Feldman and Brecht, 2005) or context-dependent spatial learning (Kemp and Manahan-Vaughan, 2007) . Among the several mechanistically different forms of LTD, some are dependent primarily on NMDA receptor activation, whereas others also involve group I metabotropic glutamate (mGlu) receptors, and may require a retrograde transmitter (Collingridge et al., 2010) .
Endocannabinoids, especially 2-arachidonoylglycerol (2-AG), have emerged as consensus messengers in retrograde synaptic communication throughout the brain (Alger and Kim, 2011; Katona and Freund, 2012) . Diacylglycerol lipase-␣ (DGL-␣), a synthesizing enzyme of 2-AG is also indispensable for all forms of 2-AG-mediated synaptic plasticity studied so far (Gao et al., 2010; Tanimura et al., 2010; Yoshino et al., 2011) . Despite its high postsynaptic concentration opposing presynaptic CB 1 cannabinoid receptors at excitatory synapses of hippocampal principal cells (Katona et al., 2006; Yoshida et al., 2006) , and tight coupling of group I mGlu activation to 2-AG mobilization (Jung et al., 2005) , mGlu-dependent LTD at hippocampal excitatory synapses is generally considered to be endocannabinoid-independent in principal cells (Rouach and Nicoll, 2003; Nosyreva and Huber, 2005; Lanté et al., 2006) . Similarly, excitatory synapses onto hippocampal and other cortical interneurons can readily undergo LTD (McMahon and Kauer, 1997; Laezza et al., 1999; Lu et al., 2007; Gibson et al., 2008; Nissen et al., 2010; Le Duigou et al., 2011; Edwards et al., 2012) , but DGL-␣ has not yet been reported in GABAergic interneurons, and pharmacological experiments suggest that LTD in cortical interneurons may not require endocannabinoid signaling (Lu et al., 2007; Gibson et al., 2008; Le Duigou et al., 2011; Edwards et al., 2012) .
In contrast, by using a highly sensitive in situ hybridization approach, here we show that DGL-␣ is expressed by hippocampal interneurons, although at lower levels than in principal cells. By using an in vitro approach involving a pairing protocol to produce precisely timed sequential postsynaptic and presynaptic activity, we also provide pharmacological and genetic evidence that hippocampal principal cells and interneurons do exhibit endocannabinoidmediated LTD, which requires mGlu 5 , DGL-␣, and CB 1 activity. Finally, the induction threshold of endocannabinoid-mediated LTD is cell type dependent, emphasizing that distinct circuit elements exploit this form of LTD under different physiological conditions.
Materials and Methods
Animals. Animal experiments were approved by the Committee of the Scientific Ethics of Animal Research (22.1/4027/003/2009) and were performed according to institutional guidelines of ethical code and the Hungarian Act of Animal Care and Experimentation (1998. XXVIII. Section 243/1998) . Adult male C57BL/6H mice aged between P60 and P80 were used in the anatomical experiments, whereas the electrophysiological experiments were performed on hippocampal tissue derived from either wild-type C57BL/6 mice (both genders), or their CB 1 receptor knock-out littermates aged between P20 and P40 (Zimmer et al., 1999) . To facilitate targeting of fast-spiking interneurons (FS INs), a transgenic mouse line on a FVB background expressing enhanced green fluorescent protein (EGFP) under the control of the parvalbumin promoter in bacterial artificial chromosome was also used (Meyer et al., 2002) .
Tissue preparation for anatomical experiments. Adult male C57BL/6H mice (n ϭ 3 for single in situ hybridization; n ϭ 4 for combined in situ hybridization and immunohistochemistry; n ϭ 6 for combined immunogold-immunoperoxidase staining) were perfused transcardially under deep pentobarbital anesthesia first with 0.9% saline and then with 4% paraformaldehyde (PFA) dissolved in 0.1 M phosphate buffer (PB), pH 7.4. After perfusion, the brain was removed from the skull and cut into blocks, and 50-m-thick coronal sections containing the hippocampus were cut with a Leica Vibratome (Leica Microsystems).
In situ hybridization. Riboprobe preparation and in situ hybridization were performed as described previously (Katona et al., 2006) , but including some important modifications to improve sensitivity. Briefly, a 1169-bp-long segment of the mouse DGL-␣ coding sequence (GenBank accession number gi:33390900) was amplified by RT-PCR from cDNA derived from C57BL/6H mouse frontal cortex total mRNA. This segment of sequence in front of the stop codon was chosen, because it is absent in DGL-␤, a closely related isoform of DGL-␣ (Bisogno et al., 2003) . The sequences of primers were as follows: forward, 5Ј-TCA TGG AGG GGC TCA ATA AG; reverse, 5Ј-CTA GCG TGC CGA GAT GAC CA. PCR products were cloned into the SmaI site of pBluescript II SK Ϫ (Fermentas). The plasmid was linearized by EcoRV and BamHI digestion for the antisense and sense probes, respectively. After DNA cleaning procedure, a digoxigenin-labeled riboprobe was prepared by in vitro transcription as described previously (Katona et al., 2006) . We and others reported previously that principal cells express very high levels of DGL-␣; however, hippocampal GABAergic interneurons were not visualized using conventional radioactive or nonradioactive procedures (Katona et al., 2006; Yoshida et al., 2006) . To determine whether nonpyramidal cells express DGL-␣ at lower levels, we improved our approach at several points. To enhance preservation of DGL-␣ mRNA in GABAergic interneurons and to protect from exogenous RNases, a postfixation step was included in which hippocampal tissue blocks were intensely rinsed for 4 h in diethylpyrocarbonate (DEPC)-treated PB buffer containing 4% PFA. After slicing in the presence of an RNase inhibitor (40 U; Roche Molecular Diagnostics) and DEPC-treated PB buffer, further incubation of hippocampal slices was performed in a free-floating manner. To increase the probability of probe binding, the hybridization temperature was decreased from 65 to 60°C, and hybridization was performed for a longer period (24 h) in 1 ml of hybridization buffer containing the digoxigeninlabeled riboprobe (8.5 g/ml). The stringent hybridization buffer consisted of 50% formamide, 5ϫ SSC, 1% SDS, 50 g/ml yeast tRNA, and 50 g/ml heparin in DEPC-treated H 2 O. During the incubation and the following three washing steps, the sections were vigorously rinsed on a shaker within a humid chamber. After incubation, the sections were first washed for 30 min at 60°C in high-stringency Wash Solution 1 (containing 50% formamide, 5ϫ SSC, 1% SDS in DEPC-treated H 2 O), and then twice for 45 min at 60°C in Wash Solution 2 (containing 50% formamide, 2ϫ SSC in DEPC-treated H 2 O). The sections were next washed for 5 min in 0.05 M Tris-buffered saline containing 0.1% Tween 20 (TBST), pH 7.6, and then in a blocking solution in TBST containing 10% normal goat serum (TBSTN) for 1 h, both at room temperature. The sections were subsequently incubated overnight at 4°C with the primary antibody (sheep anti-digoxigenin Fab fragment conjugated to alkaline phosphatase) diluted at 1:1000. This antibody and all components of the reaction were obtained from Roche. The next day, sections were washed three times for 20 min in TBST, and then developed with freshly prepared chromogen solution in a total volume of 10 ml, containing 3.5 l of 5-bromo-4-chloro-3-indolyl-phosphate and 3.5 l of nitroblue tetrazolium chloride dissolved in chromogen buffer [containing the following (in mM): 100 NaCl; 100 Tris-Cl, pH 9.5; 50 MgCl 2 ; 2 (Ϫ)-tetramisole hydrochloride; and 0.1% Tween 20]. The sections were gently rinsed in 1 ml of the above developing solution in the dark at room temperature. Note that while DGL-␣ labeling appeared in principal cells within a few hours (Katona et al., 2006) , visualization of hippocampal interneurons required longer incubation time (at least 12 h). Finally, the sections were washed thoroughly in 0.1 M PB, and in the case of the single in situ hybridization reaction, mounted in Vectashield (Vector Laboratories) onto glass slides, and coverslips were sealed with nail polish. Despite the enhanced reaction sensitivity, the in situ hybridization reaction developed only with the antisense riboprobe, and not with the identically processed control sense riboprobe (see Fig. 1 A, B) .
In situ hybridization combined with immunohistochemistry. After development of the in situ hybridization reaction, sections for combined in situ hybridization and immunohistochemistry were washed extensively in 0.1 M PB. Subsequently, all washing steps and antibody dilutions were performed in Tris-buffered saline (TBS), pH 7.4 (0.05 M). After extensive washing in TBS (five times for 10 min each), sections were blocked in 5% normal goat serum followed by incubation with the primary antibody of interest for 48 h. As primary antibodies, either a monoclonal mouse anti-parvalbumin antibody (Swant; 1:2000) , to visualize a major, aspiny population of GABAergic interneurons, or a monoclonal rat antisomatostatin antibody (Millipore; 1:200), to visualize the somatostatin/ mGlu 1a -expressing population of hippocampal interneurons with filopodial spines, was used. Immunostaining with these antibodies resulted in the well characterized pattern of parvalbumin or somatostatin immunoreactivity of interneuron populations (Freund and Buzsáki, 1996) , whereas no immunostaining was observed when the primary antibody was omitted from the reaction. After primary antibody incubation, sections were washed, and then incubated either with biotinylated anti-mouse IgG or with biotinylated anti-rat IgG (both in 1:500; Vector) according to the respective primary antibody treatment. The sections were then incubated in avidin biotinylated-horseradish peroxidase complex (Elite-ABC; 1:500) for 1.5 h. This step was followed again by washing in TBS (twice for 20 min each). In the last step, the development of immunoperoxidase reaction was performed with the Vector NovaRED Peroxidase Substrate Kit according to the manufacturer's guideline, and the development time was 4 min. Finally, the sections were mounted in the nonaqueous mounting medium VectaMount (Vector). Lightmicroscopic analysis of immunostaining was performed with a Nikon Eclipse 80i upright microscope (Nikon Instruments).
Immunogold staining combined with immunoperoxidase histochemistry. Sections for electron microscopy first underwent an immunoperoxidase, and then an immunogold staining step. After perfusion, extensive washing, and a freeze-thawing protocol over liquid nitrogen to enhance antibody penetration, the sections were blocked in 5% normal goat serum followed by incubation in a combination of two primary antibodies together for 48 h. The following primary antibodies were used: an affinitypurified rabbit anti-DGL-␣ antibody designated "INT" (Katona et al., 2006) (1:3000; ϳ1 g/ml), which was coincubated with either a mouse monoclonal anti-parvalbumin IgG (Swant; 1:5000) or with a mouse monoclonal anti-mGlu 1a IgG (a gift from Dr. Tamás Görcs, Semmelweis University, Budapest, Hungary; 1:30) (Kiss et al., 1996) . The specificity of the anti-DGL-␣ antibody was confirmed in hippocampal sections derived from DGL-␣ knock-out mice (Ludányi et al., 2011) . The monoclonal antibodies for interneuron markers have been characterized by the laboratory of origin and visualized the well known aspiny parvalbumin interneurons or the somatostatin/mGlu 1a -positive interneuron population with filopodial spines, as we described previously (Ouimet et al., 2004) . After the primary antibody incubation, the sections were washed, and then incubated in the secondary antibody (biotinylated anti-mouse IgG; 1:500 for 2 h). Next, the sections were incubated with avidin biotinylated-horseradish peroxidase complex (Elite-ABC; 1:500; 1.5 h), followed again by washing in TBS (twice for 20 min each) and in Tris buffer (TB), pH 7.6 (twice for 20 min each). Finally, the immunoperoxidase reaction was developed using 3,3-diaminobenzidine (DAB) (0.3 mg/ml; SigmaAldrich) as chromogen and 0.01% H 2 O 2 dissolved in TB. After development of the immunoperoxidase reaction for markers of the hippocampal interneuron populations, which visualized their dendritic trees in great detail, the procedure was continued using high-resolution immunogold staining, which allows the localization of the target protein (DGL-␣ in this case) at a nanometer scale with the electron microscope. Hippocampal sections were extensively washed again and blocked with 0.8% bovine serum albumin and 0.1% cold-water fish skin gelatin for 3 min. Sections were then incubated with a 0.8 nm gold-conjugated goat anti-rabbit secondary antibody (1:50; AURION) overnight at 4°C. This step was followed again by washing in TBS (twice for 15 min each), fixing in 1% glutaraldehyde in TBS for 10 min, washing again in TBS (twice for 10 min each), and in 0.1 M PB (three times for 10 min each). Finally, silver intensification was performed using the silver enhancement system R-GENT SE-EM according to the kit protocol (AU-RION). After development of the immunostaining, the sections were treated with 0.5% OsO 4 , dehydrated in an ascending series of ethanol and acetonitrile solutions, and embedded in Durcupan ACM Fluka (Sigma-Aldrich). During dehydration, sections were also treated with 1% uranyl acetate in 70% ethanol for 20 min. After overnight incubation in Durcupan, the sections were mounted onto glass slides, and coverslips were sealed by polymerization of Durcupan at 56°C for 48 h. From sections embedded in Durcupan, areas of interest were reembedded and resectioned for electron microscopy. Sections were collected on Formvar-coated single-slot grids, stained with lead citrate, and examined with a Hitachi 7100 electron microscope (Hitachi High-Technologies Corporation).
To establish the subsynaptic or extrasynaptic distribution of DGL-␣ within dendritic shafts or filopodial spines of hippocampal interneurons, we performed a high-resolution quantitative evaluation of double staining at the electron-microscopic level. Only superficial ultrathin sections were collected (upper 5 m) to avoid differences in penetration probabilities in the preembedding reaction. To determine background levels due to potential cross-reaction, sections treated in the same manner, but without the addition of the DGL-␣ primary antibody, were also investigated, and only 1 of 347 examined interneuron profiles (n ϭ 2 mice) contained a single gold particle. To be able to compare the distribution of DGL-␣ along the plasma membrane surface of interneuron dendrites or filopodial spines with the previous distribution data of DGL-␣ in hippocampal principal cells, we followed an analysis procedure previously described (Katona et al., 2006) . Briefly, the length of plasma membrane from the edges of a synaptic junction was measured for every DGL-␣-positive spines or dendritic shaft and was divided into 60-nm-long bins. The localization of the gold particles representing DGL-␣ was measured as the distance between the closest edge of the postsynaptic density and the center of the immunoparticles present on the plasma membrane. Immunoreactive profiles for parvalbumin or mGlu 1a were first searched in the stratum radiatum or in the stratum oriens of the CA1 region, respectively. Then the precise position of immunogold particles representing the DGL-␣ protein was analyzed in these dendritic profiles (n ϭ 25-25 gold particles of 214 and 182 profiles; n ϭ 2 mice). Electron micrographs were taken at 50,000ϫ magnifications, and the distance measurement was performed using the AnalySIS software (Olympus). For adjustment of the digital light and electron micrographs, Adobe Photoshop CS2 (Adobe Systems) was used. In all imaging processes, adjustments (brightness and contrast) were done in the whole frame and no part of an image was modified separately in any way.
Slice preparation for electrophysiological recordings. Mice were deeply anesthetized with isoflurane and subsequently decapitated. Brains were quickly removed from the skull and placed into ice-cold cutting solution containing the following (in mM): 205 sucrose, 2.5 KCl, 1.25 NaH 2 PO 4 , 5 MgCl 2 , 0.5 CaCl 2 , 26 NaHCO 3 , and 10 glucose. The cutting solution was saturated with 95% O 2 and 5% CO 2 (carbogen gas; pH 7.4; 290 -300 mOsm/L). After embedding brains into agarose (low gelling temperature agarose; 2%), 200-m-thick coronal hippocampal slices were prepared using a VT1000S or a VT1200S microtome (Leica). To avoid hyperexcitability generated in recurrent networks of excitatory cells in the presence of GABA A receptor blockade, the CA3 region was removed from slices that were kept in an interface-type holding chamber at room temperature for at least 90 min before the recording. The holding chamber contained artificial CSF (ACSF) with the following composition (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose, and were saturated with a mixture of 95% O 2 and 5% CO 2 , pH 7.4 (280 -290 mOsm/L).
Electrophysiological recordings. Slices were transferred to a submersion type of recording chamber. To block GABA A receptor-mediated IPSCs, picrotoxin (70 -100 M) was included in the ACSF. The flow rate was between 1.5 and 2 ml/min. Recordings were performed at 31-32°C under visual guidance using an Olympus BX61 microscope or a Nikon FN1 microscope, equipped with differential interference contrast optics. EGFP in neurons was excited by a UV lamp, and the fluorescence was visualized using a CCD camera (C-7500; Hamamatsu). Whole-cell patch-clamp recordings were made using a Multiclamp 700B amplifier (Molecular Devices), filtered at 2 kHz using the built-in Bessel filter of the amplifier. Data were digitized at 5 kHz with a PCI-6024E or a PCI-6040E board (National Instruments), recorded with in-house data acquisition and stimulus software (Stimulog; courtesy of Prof. Zoltan Nusser, Institute of Experimental Medicine, Hungarian Academy of Sciences, Budapest, Hungary). Patch pipettes were pulled from borosilicate glass tubing with resistances of 3-5 M⍀. To record EPSCs, the pipette solution contained the following (in mM): 110 K-gluconate, 4 NaCl, 2 ATP, 40 HEPES, 0.3 GTP, and 2 biocytin, pH 7.4, 280 -300 mOsm/L. In experiments including postsynaptic calcium buffer, 20 mM K-gluconate were replaced by 20 mM BAPTA and either no additional Ca 2ϩ or 2 mM Ca 2ϩ was added. Neurons recorded in hippocampal CA1 region were held at a holding potential of Ϫ70 mV. Series resistance (between 5 and 21 M⍀) was monitored throughout each experiment, and neurons with a change in series resistance of Ͼ25% were excluded from the analysis. For extra-cellular stimulation delivered at 0.1 Hz, a theta electrode was filled with ACSF and placed into the stratum radiatum in the CA1 region of the hippocampal slice within 100 -200 m of the recorded pyramidal cells and fast-spiking interneurons. For stimulation of oriens-lacunosum moleculare (O-LM) cells, the theta electrode was positioned in the stratum oriens. Before recording synaptic currents, we tested the voltage response to a series of hyperpolarizing and depolarizing square current pulses of 800 ms duration and amplitudes between Ϫ100 and 100 pA at 10 pA step intervals and then up to 250 pA at 50 pA step intervals from a holding potential of Ϫ65 mV in each cell. The voltage responses of neurons upon the current injections helped to distinguish interneurons of a fast-spiking character having no or small "sag " response to a hyperpolarizing current pulse from cells with lower spiking rate and a large sag, typical for O-LM cells (Maccaferri and McBain, 1996) (Table 1) . Using these voltage responses, we characterized several physiological properties of distinct interneuron types. The input resistance, membrane capacitance, membrane time constant, and the relative sag amplitude was determined from the voltage responses to the hyperpolarizing current injections (Zemankovics et al., 2010) . The action potential features and the firing characteristics were calculated from the voltage responses to the depolarizing current steps (Antal et al., 2006) . Accommodation index was calculated as the ratio of the values for the last and the first interspike intervals. Since data were not normally distributed according to a Shapiro-Wilk test, nonparametric statistical tests were applied. Multiple groups of data were compared using the Kruskal-Wallis ANOVA test completed with comparison of samples as pairs with the Mann-Whitney U test (Table 1) . LTD experiments. Two forms of LTD were studied at excitatory synapses onto CA1 pyramidal cells, fast-spiking basket, axo-axonic, bistratified, and O-LM interneurons. Spike timing-dependent LTD was induced by a post-pre pairing protocol. Before the pairing, the strength of presynaptic stimulation (varying between 20 A and 8 mA) was adjusted to evoke EPSCs with amplitudes that were consistently larger than 50 pA. During the pairing protocol, an action potential in the postsynaptic neuron was evoked in current-clamp mode followed by stimulation of the excitatory inputs with a 10 ms delay. Together, 600 pulses were given in six blocks of 100 pairings at a membrane potential between Ϫ50 and Ϫ58 mV. Pulse frequency was either 5 or 10 Hz, and interblock interval was 10 s. In the second protocol, LTD was induced pharmacologically by activation of group I metabotropic glutamate receptors (mGlu) with the agonist ( S)-3,5-dihydroxyphenylglycine (DHPG) (10 or 50 M) for 10 min. In some of these chemical LTD experiments, a pair of EPSCs with an interstimulus interval of 100 ms was evoked.
Analysis of electrophysiological experiments. Data were analyzed off-line using EVAN software (courtesy of Prof. Istvan Mody, University of California, Los Angeles, Los Angeles, CA). All data for each experiment were normalized relative to baseline and reported as mean Ϯ SEM. To reveal the presence of LTD, EPSC amplitudes were measured. To evaluate whether the induction protocol readily induced LTD within a given experiment, we compared the peak amplitudes measured in a 10-min-long control, preinduction period with those peak amplitudes that were determined in the last 5 min of the recordings after 25 min of the LTD induction (in both the post-pre pairing protocol and DHPG incubation experiment) using Student's t test.
Experiments involving pretreatments with an enzyme inhibitor
were analyzed in the same manner. To determine the efficacy of different treatments, EPSC amplitudes during the last 5 min after 25 min of the post-pre pairing or DHPG treatment were compared between the control and the treated groups using independentsamples t test. In the case of the evaluation of CB 1 function in LTD, experiments were performed in slices prepared from CB 1 receptor knock-out mice and their littermates and the EPSC amplitudes were compared within the given experiments and between the two groups as described above. An ␣ level of p Ͻ 0.05 was considered statistically significant.
Anatomical identification of biocytin-filled neurons. After the recordings, hippocampal slices were fixed overnight in 4% paraformaldehyde in 0.1 M PB, pH 7.4. Following fixation, slices were washed with 0.1 M PB several times and incubated in a cryoprotecting solution (30% sucrose in 0.1 M PB; pH 7.4) for 2 h. Slices were then freeze-thawed three times above liquid nitrogen and treated with 1% H 2 O 2 in PB for 15 min to reduce endogenous peroxidase activity. For single biocytin staining, biocytin-filled cells were visualized using avidin-biotin complex with horseradish peroxidase activity (ABC; Vector Laboratories). Ammonium nickel sulfate hexahydrate [(NH 4 ) 2 (NiSO 4 ) 2 ⅐6H 2 O; Sigma-Aldrich] was added to intensify the color reaction of 3-3-diaminobenzidine tetrahydrochloride (DAB-Ni) (0.05% solution in Tris buffer, pH 7.4; Sigma-Aldrich) containing 0.015% H 2 O 2 . After dehydration and embedding in Durcupan (SigmaAldrich), neurons were identified based on their dendritic and axonal arborization, and some representative cells were reconstructed as completely as possible with the aid of a drawing tube using a 40ϫ objective. The anatomical classification of CA1 pyramidal neurons, bistratified cells, and O-LM cells could unequivocally be achieved based on morphological criteria after reconstruction of their axon arbor from non-resectioned whole slices (Freund and Buzsáki, 1996) . To distinguish basket cells and axo-axonic cells, slices were resliced to 60-m-thick sections and processed for immunofluorescence double labeling. Ankyrin G immunostaining was applied together with biocytin visualization as described previously (Gulyás et al., 2010) . Briefly, sections were treated with 0.2 mg/ml pepsin (Dako) in 0.2 M HCl at 37°C for 15 min and were washed in 0.1 M PB. Nonspecific binding sites were blocked in 10% normal goat serum (Vector) in TBS, pH 7.4, followed by incubation with a mouse anti-ankyrin G antibody (1:100; Santa Cruz Bio- technology) diluted in TBS containing 2% NGS and 0.05% Triton X-100 for 72 h at 4°C. Following several washes in TBS, Alexa 594-conjugated goat anti-mouse (1:200; Invitrogen) was used to visualize the ankyrin G immunostaining, and Alexa 488-conjugated streptavidin (1:500; Invitrogen) was used to label biocytin. Sections were then mounted on slides in Vectashield (Vector Laboratories). The staining was analyzed and images were taken by using an AxioImager.Z1 microscope (Zeiss). Subsequently, representative basket and axo-axonic cells were further developed by immunoperoxidase reaction using DAB-Ni for anatomical reconstruction (see above).
Drugs. All chemicals and drugs were obtained from Sigma-Aldrich, except THL, AM 251, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-7-sulfonamide disodium salt (NBQX), DL-AP5, (5S,10 R)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine maleate (MK-801), MPEP hydrochloride, LY 367385, and DHPG, which were purchased from Tocris Bioscience. THL at 20 mM, AM 251 at 100 mM, and MPEP at 10 mM were dissolved in DMSO. Final DMSO concentration was always Ͻ0.001%. The 100 mM stock solutions were made of DL-AP5 and LY 367385 in 1 M NaOH. DHPG and NBQX were dissolved in H 2 O at 50 and 100 mM, respectively. All drug stock solutions were stored at Ϫ20°C before bath application. The final concentrations of receptor antagonists or the enzyme inhibitor were 100 M (DL-AP5 and LY 367385), 10 M (THL and MPEP), or 2 M (AM 251). DHPG was used at 10 or 50 M. All of these drugs were present in the bath solution throughout the entire recording period except for DHPG. Slices were further preincubated with THL (10 M) for at least 30 min before beginning of the recording. MK-801 (1 mM) or BAPTA (20 mM) were dissolved in the intracellular solution and applied through the recording pipette.
Results

DGL-␣ mRNA is present in hippocampal interneurons
DGL-␣, the key enzyme for 2-AG synthesis, is highly expressed in hippocampal principal cells (Bisogno et al., 2003; Katona et al., 2006; Yoshida et al., 2006) , and plays an indispensable function in several forms of retrograde synaptic signaling and plasticity at afferent GABAergic synapses onto hippocampal principal cells (Tanimura et al., 2010) . To test the possibility that hippocampal GABAergic interneurons also exploit this serine hydrolase for synaptic signaling, we first used a modified, highly sensitive in situ hybridization protocol (for details, see Materials and Methods). This approach uncovered that hippocampal interneurons in fact also express DGL-␣ (Fig. 1) . Varying the hybridization time and temperature as well as the development time of the reaction, different hippocampal cell types appeared at different stages and with different labeling intensity. The highest expression level of DGL-␣ was discernible in the subiculum and in CA1 and CA3 pyramidal neurons (Fig. 1 A, C,D) . Significantly lower staining intensity was observed in CA2 pyramidal cells and in granule cells of the dentate gyrus, which indicates that the higher signal intensity in other principal cell types is not simply a consequence of high density of cell bodies packed in the pyramidal layer ( Fig.  1 A, E) . Scattered neurons in the hilus representing most probably glutamatergic mossy cells (Uchigashima et al., 2011) appeared at the same higher stringency temperature (65°C) and with similar intensity as CA2 principal cells (Fig. 1 E) . A few faint nonpyramidal cells in the stratum oriens of both the CA1 and CA3 subfields were already also visible at this temperature. Increasing the sensitivity of the reaction resulted in the labeling of numerous DGL-␣-positive cell bodies resembling GABAergic interneurons throughout the hippocampal formation (Fig. 1 A) . These cell bodies were predominantly found in the stratum radiatum of the CA3 subfield and in the stratum oriens of the CA3 and CA1 regions, but labeled cells were also found at the border of stratum radiatum and stratum lacunosum-moleculare (Fig. 1C,D) . The hilus of the dentate gyrus was also filled with DGL-␣ mRNAcontaining somata (Fig. 1 E) . Despite the higher sensitivity of the reaction, DGL-␣ mRNA signal did not reach detection threshold in several cell bodies distributed throughout all layers and subfields of the hippocampal formation (Fig. 1C-E) . These cells often had smaller nuclei, which suggest that they may belong to glial cells or other GABAergic interneuron types. Nevertheless, it is important to emphasize that the absence of in situ hybridization reaction for DGL-␣ in these cells does not rule out the possibility that these cells also express DGL-␣ mRNA, albeit at an even lower expression levels. Importantly, in situ hybridization control experiments performed in parallel, but with the corresponding sense riboprobe did not result in any staining (Fig. 1 B) .
Together, these experiments suggest that DGL-␣ distribution is much more ubiquitous than reported previously, and its expression level varies considerably in a cell type-dependent manner.
DGL-␣ mRNA is expressed by parvalbumin-containing and somatostatin/mGlu 1a -positive hippocampal interneurons To provide direct evidence that the scattered DGL-␣ mRNAcontaining cell bodies belong to GABAergic interneurons and to gain further insight into which interneuron types express DGL-␣, we combined nonradioactive free-floating in situ hybridization and immunohistochemistry techniques. DGL-␣ is known to be strikingly compartmentalized in dendritic spine heads of pyramidal neurons at a perisynaptic position around the postsynaptic density of excitatory synapses (Katona et al., 2006; Yoshida et al., 2006) . Therefore, we selected two well characterized interneuron populations for further study. The first population does not bear spines, but these cells receive the highest density of excitatory synapses onto dendritic shafts among aspiny interneuron types (Gulyás et al., 1999) . The second population also receives a high density of excitatory synapses, but this innervation arrives onto elongated spine protrusions densely covering the dendritic tree (Baude et al., 1993) . The former population can be visualized with strong immunostaining for parvalbumin, a neurochemical marker of inhibitory interneurons with a fast-spiking phenotype, whereas the latter population contains high levels of somatostatin, and sometimes weakly expresses parvalbumin (Maccaferri et al., 2000; Klausberger and Somogyi, 2008) . Immunostaining for these neurochemical markers resulted in numerous scattered cell bodies throughout the hippocampus. Parvalbumin immunostaining was predominantly found in the principal cell layers, but sometimes also in strata oriens and radiatum (Fig. 2 A, B) , whereas somatostatin immunoreactivity was observed in the hilus of the dentate gyrus, in strata lucidum and oriens of the CA3 subfield, and in stratum oriens of the CA1 region (Fig. 2C,D) . Notably, almost all of these interneurons expressed discernible levels of DGL-␣ mRNA and this high degree of colocalization was found in all regions of the hippocampal formation (Fig. 2) . In the CA1 subfield, 116 of 117 parvalbumin-positive or somatostatinpositive cell bodies contained the purple precipitate representing the presence of DGL-␣ mRNA (58 and 59 cell bodies, respectively; n ϭ 2 animals). Control experiments running the two reactions, but omitting either the antisense riboprobe or the primary antibody did not result in costaining. Moreover, the possibility of a general cross-reaction could also be excluded based on the observation that DGL-␣-positive cells immunonegative for interneuron markers and even double-negative cell bodies were frequently found throughout the hippocampal formation (Fig.  2 A, C,D) .
Collectively, these experiments provided direct evidence that at least two major immunohistochemically defined populations of hippocampal interneurons express the synthesizing enzyme for 2-AG.
Perisynaptic DGL-␣ is concentrated at afferent glutamatergic synapses of hippocampal interneurons
To determine whether the DGL-␣ enzyme protein is also present in hippocampal interneurons as well as to reveal the precise subcellular localization of DGL-␣ in these cells, we performed immunogold staining for DGL-␣ combined with immunoperoxidase staining for interneuron markers. The specificity of the antibody for DGL-␣ in the mouse hippocampus has been validated in DGL-␣ knock-out mice (Ludányi et al., 2011) . Because somatostatin immunostaining labels only the somata, but not the dendrites of interneuron populations with filopodial spines, we exploited the fact that mGlu 1a densely covers the plasma membrane of these cells (Baude et al., 1993) . Immunostaining for mGlu 1a outlines their complete dendritic tree, including the spines, at great detail both at the light and electron microscopic levels. The electron-dense DAB end product of the immunoperoxidase reaction revealed numerous aspiny parvalbumin-positive dendrites in the stratum radiatum of the CA1 region (Fig. 3A,B) . Combined immunoperoxidase and immunogold stainings demonstrated that DGL-␣ is indeed found on the plasma membrane of parvalbumin-positive hippocampal interneurons (Fig. 3A,B) . The immunogold particles representing the position of the enzyme protein were always attached to the intracellular side of the plasma membrane in accordance with the intracellular position of the respective epitope used to generate the DGL-␣ antibody (Fig.  3A,B) . These dendrites were heavily innervated by putative glutamatergic synapses forming asymmetric connections with characteristic postsynaptic densities (Fig.  3A 1 ,A 2 ) . Notably, distribution analysis of the gold particles in relation to these excitatory synapses revealed that the vast majority of DGL-␣ is excluded from the synaptic cleft, and is found in a characteristic perisynaptic position similarly to the position observed in hippocampal pyramidal neurons (Figs. 3A 1 -B 2 , 4A ). In addition, mGlu 1a -immunopositive dendrites were frequently found in the stratum oriens of the CA1 region, but these dendrites carried numerous elongated filopodial spines (Fig. 3C,D) . When the DAB precipitate did not mask the postsynaptic density, it was possible to visualize three to five asymmetric synapses onto these spines (Fig. 3C) . These mGlu 1a -positive spine heads also contained DGL-␣, which accumulated in a perisynaptic position (Figs. 3C,D, 4B ) as described previously in the case of mGlu 1a (Baude et al., 1993) . To further quantify the precise localization of DGL-␣, the synaptic and extrasynaptic plasma membrane was dissected into 60-nm-long bins and every gold particle depicting DGL-␣ was assigned to a given bin based on its distance from the edge of the postsynaptic density. In both interneuron types, the majority (Ͼ60%) of the immunogold labeling was found within the first two bins, which indicates the presence of a 120-nm-thick perisynaptic ring formed by DGL-␣ proteins around the edge of excitatory synapses (Fig. 4) 
(see Materials and Methods for further analysis details).
Together, the electron microscopic analysis demonstrates that the synthesizing enzyme of the endocannabinoid 2-AG is concentrated perisynaptically around the postsynaptic density of excitatory synapses onto the dendritic shafts of aspiny parvalbumin-positive interneurons and the dendritic spines of somatostatin/mGlu 1a -positive interneurons, in addition to A, Low-magnification light micrograph illustrates in situ hybridization using an antisense (AS) riboprobe for DGL-␣ in the hippocampus. The antisense probe predominantly visualizes the principal cell layers of the mouse hippocampus demonstrating that these cells express DGL-␣ at high levels. Granule cells in the dentate gyrus and pyramidal neurons in the CA2 subfield exhibit somewhat lower expression levels than pyramidal neurons in the CA1 and CA3 regions. In addition to principal neurons, cell bodies very weakly labeled for DGL-␣ are also distributed outside of the principal cell layers throughout the neuropil. B, In contrast, in situ hybridization using a sense (S) riboprobe derived from the corresponding DGL-␣ sequence results in no labeling. C, At higher magnification, weakly labeled somata of putative GABAergic cells (arrowheads) are visible throughout the stratum oriens, the stratum radiatum, and at the border of stratum radiatum and stratum lacunosum-moleculare of the CA1 subfield. Note that some cell bodies (arrow) still remained DGL-␣-negative under these reaction conditions, indicating an even weaker expression level of DGL-␣ or a complete absence of expression of this lipase in these cells. D, Numerous DGL-␣-positive interneurons are also distributed throughout the stratum radiatum of the CA3 region (depicted by arrowheads), but DGL-␣-negative cells were also observed (arrow). E, In the hilus, DGL-␣-positive cell bodies either belong to the glutamatergic neurons called mossy cells or to GABAergic interneurons. The arrowheads label DGL-␣-positive cells, whereas DGL-␣-negative cells are indicated by arrows. Scale bars: A, B, 500 m; C-E, 50 m.
its widespread distribution at afferent excitatory synapses of pyramidal cells.
The induction threshold for spike timing-dependent LTD of excitatory synapses varies among different populations of hippocampal neurons
The ubiquitous postsynaptic presence of DGL-␣ at excitatory synapses makes its product 2-AG a potential candidate to mediate LTD in both principal cells and GABAergic interneurons. However, earlier studies proposed that neither neuron population exhibits an endocannabinoid-mediated form of LTD (Rouach and Nicoll, 2003; Nosyreva and Huber, 2005; Lanté et al., 2006; Le Duigou et al., 2011) . To resolve this controversy, we used a post-pre pairing protocol, which requires subsequent postsynaptic and presynaptic activity in a precisely timed manner to induce LTD. During these experiments, focal electrical stimulation of glutamatergic afferent fibers evoked excitatory currents (EPSCs) in recorded postsynaptic neurons. After an at least 10-min-long baseline period, we switched to current-clamp mode and evoked action potentials in the postsynaptic neuron, which were followed by extracellularly evoked EPSPs. To monitor potential changes in the EPSC amplitude after pairing of the neuronal firing with the presynaptic excitatory input, we then switched back to voltage-clamp mode and continued recording for another 20 -30 min. EPSC amplitudes recorded during the last 5 min of this recording period were compared with amplitudes during the prestimulation period (for details, see Fig. 6 A and Materials and Methods).
Whole-cell patch-clamp recordings were performed in different types of neurons in the CA1 region of hippocampal slices. Only those neurons that could be unequivocally identified as either CA1 pyramidal cells (n ϭ 126), fast-spiking basket cells (n ϭ 67) (Fig. 5A) , axo-axonic cells (n ϭ 26) (Fig. 5B) , bistratified cells (n ϭ 32) (Fig. 5C ), or O-LM cells (n ϭ 95) (Fig. 5D) based on their dendritic and axonal arborization as well as on their physiological properties (Table 1) were included in the electrophysiological analysis. In the category of FS INs, we pooled the data obtained in LTD experiments from fast-spiking basket cells, axoaxonic cells, and bistratified cells, because these data were statistically similar.
Postsynaptic action potentials paired with EPSPs arriving with a time delay of 10 ms at 5 Hz readily induced spike timing-dependent LTD (tLTD) in CA1 pyramidal cells, but not in either FS INs nor in O-LM cells (Fig. 6 A, Table 2 ). Lower DGL-␣ level in hippocampal interneurons (Fig. 1C) raised the possibility that these cells require stronger stimulation than pyramidal neurons to produce sufficient 2-AG to elicit LTD. To investigate whether interneurons may have a higher threshold for LTD induction, pairing of the postsynaptic action potential discharge with EPSPs was also performed at 10 Hz. Remarkably, robust tLTD of similar magnitude (Ͼ30 -40%) could be detected in all three major types of hippocampal neurons ( p ϭ 0.128; Fig. 6 B, Table 2 ). The pairing protocol delivered at 5 or 10 Hz in pyramidal cells produced comparable tLTD in magnitude ( p ϭ 0.325; Fig. 6C , Table 2 ).
Collectively, these findings demonstrate that tLTD can be induced at excitatory synapses on both pyramidal cells and interneurons, but the threshold for tLTD induction is higher in interneurons compared with pyramidal cells in the CA1 hippocampal region. (Sjöström et al., 2003; Rodríguez-Moreno and Paulsen, 2008; Min and Nevian, 2012) . Therefore, we first repeated the 10 Hz pairing protocol using the 10 ms delay in the presence of 100 M DL-AP5, an NMDA receptor antagonist. Bath application of this antagonist caused no change in tLTD in pyramidal cells and FS INs, whereas this treatment prevented the induction of tLTD in O-LM cells (Table 2) . In contrast, when the noncompetitive NMDA receptor blocker, MK-801 was included in the pipette solution, tLTD was readily induced in O-LM cells (0.569 Ϯ 0.051 of control; n ϭ 4; p ϭ 0.004). Under our recording conditions, intrapipette application of MK-801 almost fully eliminated pharmacologicallyisolatedNMDAreceptormediated EPSCs within 10 min after breaking into the cells (0.104 Ϯ 0.028 of control; n ϭ 6; p ϭ 0.002), confirming the ability of MK-801 to block NMDA receptor channel function upon intracellular application. These data indicate that this form of tLTD is dependent on NMDA receptor activation only in O-LM cells, but these ionotropic glutamate receptor channels necessary for tLTD are not present postsynaptically on O-LM cells.
Characteristics of tLTD at hippocampal excitatory synapses
tLTD at excitatory synapses is mediated by endocannabinoid signaling
In the next set of experiments, we sought to determine the molecular cascade mediating tLTD in CA1 neurons using the post-pre pairing protocol with the time delay of 10 ms at 10 Hz. First, we recorded neurons in the presence of 10 M MPEP, an antagonist of mGlu 5 , and found that tLTD could not be induced in CA1 pyramidal cells or in interneurons (Fig. 7A , Table 2 ). Next, we tested whether elevation of intracellular Ca 2ϩ in the postsynaptic neuron is necessary for tLTD. Including the Ca 2ϩ chelator BAPTA (20 mM) either alone or in addition to 2 mM Ca 2ϩ (which allows potentially permissive PLC␤ activity) into the pipette solution indeed fully eliminated tLTD in all tested neuron types in both cases (Fig. 7B, Table 2 ). In the hippocampus, group I mGlu stimulation leads to the biosynthesis of DAG, the precursor of 2-AG in a Ca 2ϩ -dependent manner, which requires DGL-␣ activity (Jung et al., 2005 (Jung et al., , 2007 . Hence, we aimed to clarify the potential role of DGL-␣ in tLTD. In the presence of the DAG lipase blocker, THL (10 M), tLTD could not be induced in pyramidal cells or in interneurons (Fig. 7C, Table 2 ). Given the recent genetic evidence indicating that DGL-␤, a related isoform of DGL-␣, does not contribute to 2-AG synthesis in the adult Figure 3 . DGL-␣ is localized at excitatory synapses on interneuron dendrites and spines in the hippocampus. A, B, High-power electron micrographs demonstrate DGL-␣ and PV colocalization in the hippocampus. High-resolution preembedding immunogold staining for DGL-␣ (arrows point to immunogold particles representing the position of the lipase) reveals that this enzyme is attached to the intracellular surface of the plasma membrane of interneuronal dendritic shafts. Moreover, DGL-␣ is found in a striking perisynaptic position adjacent to the postsynaptic density of excitatory synapses (d) indicating that even aspiny interneuron dendrites compartmentalize the molecular machinery for endocannabinoid mobilization in a similar manner as spiny pyramidal cell dendrites. The black dense end product of the immunoperoxidase reaction (DAB) identifies PV-containing interneurons. Electron micrographs are taken from the stratum radiatum of CA1 (A 1 and A 2 , and B 1 and B 2 are serial sections). C, D, High-power electron micrographs from the stratum oriens of CA1 show that DGL-␣ is localized at glutamatergic synapses of spiny inhibitory cells. The dendritic processes of these cells are labeled by mGlu 1a immunoreactivity (visualized by the electron-dense black DAB precipitate). High-resolution preembedding immunogold staining for DGL-␣ provides evidence that this lipase is present on the plasma membrane of dendritic spines (s) protruding from the dendritic shafts (d) of this interneuron type around asymmetric, putative glutamatergic synapses. Immunogold particles are indicated by arrows. Note that excitatory axon terminals forming synapses on these interneuron populations are immunonegative for DGL-␣ and for both neurochemical markers. Scale bars: A-D, 200 nm.
hippocampus (Tanimura et al., 2010) , our results therefore suggest that DGL-␣ is required for tLTD in all three major population of neurons in the hippocampus. Finally, we investigated the potential contribution of the receptor of 2-AG, the CB 1 cannabinoid receptor, to tLTD using hippocampal slices prepared from wild-type or CB 1 knock-out mice. While robust tLTD was observed in CA1 neurons in wild-type mice, the same pairing protocol did not evoke changes in the EPSC amplitude in pyramidal cells or in interneurons recorded in slices derived from CB 1 knock-out littermates (Fig. 7D, Table 2 ).
Together, these results provide direct evidence for the requirement of retrograde endocannabinoid signaling in spike timingdependent LTD at excitatory synapses of pyramidal cells and interneurons.
Chemical LTD at excitatory synapses also requires endocannabinoid signaling
The involvement of mGlu 5 in endocannabinoid-mediated tLTD in the hippocampus poses the question whether activation of group I mGlu receptors per se is sufficient to induce LTD at excitatory synapses onto both pyramidal cells and hippocampal interneurons. To address this issue, we pharmacologically activated group I mGlu receptors by bath application of DHPG. We found that 10 M DHPG induced significant LTD only in pyramidal cells, but not in FS INs or O-LM cells (Fig. 8 A, B , Table 3 ). In contrast, DHPG at a higher concentration (50 M) readily induced LTD in pyramidal cells and in both populations of hippocampal interneurons (Fig. 8 A, B , Table 3 ). Thus, these observations are in accordance with the finding obtained with our post-pre pairing protocol demonstrating that stronger stimulation is necessary for the induction of LTD in interneurons compared with pyramidal cells.
In the final set of experiments, we examined the pharmacological profile of chemical LTD in pyramidal cells and interneurons. We observed that application of DHPG (50 M) did not evoke LTD in any of the studied cell types in the presence of 10 M MPEP (Fig. 8 B, Table 3 ). In contrast, LY 367385, a specific antagonist of mGlu 1 receptors, significantly reduced but did not eliminate LTD in pyramidal cells and FS INs. Interestingly, this compound fully blocked LTD in O-LM cells expressing high levels of mGlu 1a (Table 3 ). The inclusion of BAPTA (20 mM) into the pipette solution in the absence or presence of 2 mM Ca 2ϩ prevented LTD after 50 M DHPG treatment in all three cell types (Fig. 8 A, B, Table 3 ). Similarly to tLTD, group I mGlu-dependent LTD could not be detected in slices preincubated with 10 M THL (Fig. 8 B, Table 3 ), indicating the involvement of 2-AG in this chemical form of LTD. However, variable effects were observed in the presence of 2 M AM 251, a CB 1 receptor antagonist. While this antagonist did not affect chemical LTD in pyramidal cells, it could prevent LTD in FS INs and O-LM cells (Table 3) . In contrast, the same DHPG treatment did not result in LTD in slices prepared from CB 1 knock-out mice but induced robust LTD in slices derived from wild-type littermates (Fig. 8A,B, Table 3 ).
To evaluate whether the changes in EPSC amplitudes in chemical LTD experiments are due to a presynaptic or postsynaptic mechanism, a pair of EPSCs with an interstimulus interval of 100 ms was evoked, which allowed us to monitor the alterations in paired-pulse ratios of synaptic currents. In pyramidal cells, we observed that the paired-pulse ratio is significantly increased in parallel with LTD induction upon DHPG treatment (control: 1.83 Ϯ 0.11; in 10 M DHPG: 2.37 Ϯ 0.25, n ϭ 5, p ϭ 0.035; control: 1.67 Ϯ 0.12; in 50 M DHPG: 2.86.1 Ϯ 0.46, n ϭ 11, p ϭ 0.031), but no change was detected in CB 1 knock-out mice (control: 1.59 Ϯ 0.24; in 50 M DHPG: 2.057 Ϯ 0.37, n ϭ 8, p ϭ 0.24). Similarly, when LTD was induced by 50 M DHPG application in FS INs or O-LM cells, the paired-pulse ratio was significantly increased (FS INs, control: 2.96 Ϯ 0.48; in 50 M DHPG: 6.9 Ϯ 1.92, n ϭ 11, p ϭ 0.049; O-LM cells, control: 2.26 Ϯ 0.34; in 50 M DHPG: 3.63 Ϯ 0.51, n ϭ 5, p ϭ 0.024). In contrast, but as in pyramidal cells, if LTD was not induced in an interneuron, its paired-pulse ratio was unchanged (FS INs, control: 2.11 Ϯ 0.12; in 10 M DHPG: 1.95 Ϯ 0.14, n ϭ 9, p ϭ 0.35; control: 2.45 Ϯ 0.11; in KO mice after 50 M DHPG: 3.18 Ϯ 0.81, n ϭ 8, p ϭ 0.33; O-LM cells, control: 3.15 Ϯ 0.55; in 10 M Figure 4 . Distribution of DGL-␣ is compartmentalized in a perisynaptic zone at excitatory synapses on interneuron dendrites and spines in the hippocampus. A, B, Spatial distribution of immunogold particles representing DGL-␣ in relation to excitatory synapses on hippocampal CA1 interneuron subpopulations containing either parvalbumin (A) or mGlu 1a (B). The distance of immunogold particles from the edge of the synaptic junction (indicated as "0" on the x-axis and by the arrows) were measured along the plasma membrane, which was divided into 60-nm-wide compartments. Negative values indicate distance toward the intrasynaptic region; positive values indicate distance away from the postsynaptic density. Data are expressed as the percentage of immunogold particles at a given distance compartment compared with all gold particles found in the profile immunoreactive for the particular interneuron marker (n ϭ 25-25; 2 animals). Images used for the analysis were taken either from the stratum radiatum of the CA1 subfield (A) or from the stratum oriens of CA1 (B). The measurements gave similar results in the two interneuron populations and are in accordance with previous data demonstrating that DGL-␣ is rarely found intrasynaptically. Instead, this endocannabinoid-synthesizing enzyme is preferentially targeted to a perisynaptic annulus around the postsynaptic specialization of excitatory synapses for both CA1 pyramidal neurons and GABAergic interneurons.
DHPG: 3.77 Ϯ 0.56, n ϭ 5, p ϭ 0.06; control: 2.29 Ϯ 0.72; in KO mice after 50 M DHPG: 1.82 Ϯ 0.34, n ϭ 3, p ϭ 0.36).
These results highlight that group I mGlu receptor activation with DHPG is sufficient to induce strong LTD at excitatory synapses onto CA1 pyramidal cells and hippocampal interneurons. This form of synaptic plasticity has comparable molecular mechanisms to the tLTD triggered with a post-pre pairing protocol, and its expression is consistent with presynaptic changes in neurotransmitter release. Finally, these experiments demonstrate that retrograde 2-AG signaling is necessary for both forms of LTD in all three subpopulations of hippocampal neurons examined here.
Discussion
In the present study, we report two forms of LTD, both of which are mediated via retrograde endocannabinoid signaling at afferent excitatory synapses onto hippocampal glutamatergic pyramidal cells and specific GABAergic interneurons. Interestingly, both forms of LTD exhibit cell type-specific induction thresholds. Several lines of experimental findings support this conclusion: (1) DGL-␣, a synthesizing enzyme of the endocannabinoid 2-AG (Bisogno et al., 2003) , is expressed not only by principal cells but also by two populations of GABAergic hippocampal interneurons characterized either by the neurochemical markers parvalbumin or by somatostatin/mGlu 1a receptors. (2) DGL-␣ accumulates perisynaptically at excitatory synapses received by these interneuron populations. (3) The excitatory synaptic inputs of these interneurons and also of pyramidal cells in the CA1 region readily undergo spike timing-dependent LTD. This form of LTD is absent, when DGL-␣ or CB 1 cannabinoid receptor function is blocked. (4) The same synapses exhibit robust LTD induced by DHPG, an agonist of group I mGlu receptors known to mobilize 2-AG (Jung et al., 2005) , and this chemical form of LTD is mechanistically similar to tLTD. (5) Both forms of LTD have higher induction thresholds in these hippocampal interneurons than in pyramidal neurons.
Endocannabinoid-LTD in hippocampal pyramidal neurons
Recent advances led to the appreciation that induction and expression of LTD is mechanistically diverse and may require several independent molecular signaling cascades (Feldman, 2009; Collingridge et al., 2010) . One of these cascades uses endocannabinoids to signal backward across synapses and permanently silence presynaptic activity (Gerdeman et al., 2002; Marsicano et al., 2002; Robbe et al., 2002) , but several other forms of LTD do not require endocannabinoid signaling (Collingridge et al., 2010) . This mechanistic and molecular heterogeneity is apparent using similar induction protocols in a synapse-specific manner (Crozier et al., 2007) or at different developmental stages (Yasuda et al., 2008) . For example, tLTD in excitatory cells is dependent on CB 1 function at certain neocortical excitatory synapses (Sjöström et al., 2003; Bender et al., 2006; Nevian and Sakmann, 2006; Crozier et al., 2007) , but not in others (Crozier et al., 2007; Banerjee et al., 2009) . However, despite the widespread expression of group I mGlus, DGL-␣ and CB 1 receptors at hippocampal excitatory synapses (Lujan et al., 1996; Katona et al., 2006; Yoshida et al., 2006) , and the reliable inducibility of tLTD at excitatory synapses onto principal cells (Debanne et al., 1994; Niehusmann et al., 2010) , involvement of retrograde endocannabinoid signaling in a spike timing-dependent form of synaptic plasticity has not previously been demonstrated in hippocampal neurons. Moreover, despite the consistent manifestation of mGlu-LTD (Palmer et al., 1997; Huber et al., 2001) , and the presence of a somewhat similar form of LTD at GABAergic synapses (Chevaleyre and Castillo, 2003) , uncertainty remains whether this chemical form of LTD requires retrograde endocannabinoid signaling at excitatory synapses onto hippocampal principal cells. While pharmacological blockade of CB 1 receptors did not prevent DHPG-induced LTD at excitatory synapses in both previous and the current study (Rouach and Nicoll, 2003; Nosyreva and Huber, 2005; Lanté et al., 2006; Izumi and Zorumski, 2012) , we demonstrated by using genetic inactivation that DHPG-LTD requires CB 1 receptors, in agreement with a recent report using higher concentrations of DHPG (Xu et al., 2010) . Our study further extends this conclusion by uncovering the indispensable role of DGL-␣ activity in DHPG-LTD, and reveals the participation of the endocannabinoid 2-AG in long-term depression of excitatory inputs received by hippocampal excitatory cells.
A potential explanation for these contradicting results may be the observation that CB 1 antagonists are less capable to antagonize CB 1 -dependent depression of excitatory synaptic transmission than of inhibitory synaptic transmission in the hippocampus (Hajos and Freund, 2002) , implicating that synapse-specific differences may exist in the molecular organization or in the density of presynaptic CB 1 receptors (Ohno-Shosaku et al., 2002 ). An experimental preparation-dependent variability in the contribution of astrocytic CB 1 receptors to synaptic plasticity is also emerging and may underlie some of the discrepancies in the magnitude and direction of synaptic plasticity (Navarrete and Araque, 2010; Han et al., 2012; Min and Nevian, 2012) . Finally, the ratio of mGlu 1 /mGlu 5 contribution to DHPG-induced LTD may also differ between experimental paradigms (Izumi and Zorumski, 2012 ) and can be cell type specific as observed in the present study. Nevertheless, the mGlu 5 -specific antagonist MPEP fully eliminated the spike timing-dependent and chemical forms of LTD, and both also required endocannabinoid signaling, based on genetic evidence. Because the mGlu 5 -specific agonist CHPG [(RS)-2-chloro-5-hydroxyphenylglycine]-induced LTD could also be eliminated by pharmacological blockade of CB 1 receptors when recorded LTD with an extracellular electrode (Izumi and Zorumski, 2012) , it is highly likely that the activity of this molecular cascade to produce 2-AG mobilization was not perturbed by potential dialysis of the intracellular milieu when recording in the whole-cell mode. Thus, together with another form of autaptic LTD observed in hippocampal cultures (Kellogg et al., 2009) , these observations clearly demonstrate that at least three forms of endocannabinoidmediated LTD are possible at hippocampal excitatory connections onto pyramidal neurons.
Endocannabinoid-LTD in specific hippocampal interneuron types LTD of glutamatergic inputs onto hippocampal interneurons can also be triggered by several induction protocols (McMahon and Kauer, 1997; Laezza et al., 1999; Gibson et al., 2008; Nissen et al., 2010; Le Duigou et al., 2011; Edwards et al., 2012) . When tested, LTD in cortical GABAergic interneurons was found to be insensitive to treatment with CB 1 antagonists (Lu et al., 2007; Gibson et al., 2008; Le Duigou et al., 2011; Edwards et al., 2012) , which was surprising, because synthetic cannabinoid ligands effectively suppress excitatory inputs onto hippocampal interneurons including fast-spiking basket cells (Gibson et al., 2008; Holderith et al., 2011) . Here, we found that LTD could not be induced in hippocampal interneurons in the presence of the CB 1 antagonist or in animals lacking CB 1 receptors. In contrast, robust LTD was observed upon both induction protocols in three types of fast- Data are expressed as mean Ϯ SEM. Student's paired t test was used to evaluate the significant changes upon 10 or 50 M DHPG treatments (first two rows). In all other cases, independent-samples t test was used for statistical comparison.
The p values are the results of the comparisons between the data obtained upon 50 M DHPG application in the absence and the presence of different drugs, or in the measurements conducted in slices prepared from wild-type or CB 1 knock-out mice.
spiking interneurons (basket, axo-axonic, and bistratified cells) in wild-type animals indicating that parvalbumin-containing interneurons are also able to control the weights of their glutamatergic inputs via endocannabinoid mobilization. Similar results were obtained from O-LM cells that represent a type of somatostatin/ mGlu 1a -expressing GABAergic cells innervating distal dendrites of pyramidal cells (Baude et al., 1993; McBain et al., 1994) . Thus, the evidence presented here suggests that at least four types of interneurons undergo endocannabinoid-LTD. The present results also highlight that 2-AG is the key endocannabinoid responsible for LTD in hippocampal interneurons. First, significant amounts of DGL-␣ mRNA were expressed not only in principal cells (Katona et al., 2006; Yoshida et al., 2006) but also in two populations of hippocampal interneurons. Second, DGL-␣ was found in a perisynaptic annulus around excitatory synapses, even in aspiny parvalbumin-positive dendrites, implicating that the molecular machinery for endocannabinoid synthesis is remarkably compartmentalized, as shown before in aspiny cerebellar stellate cells (Soler-Llavina and Sabatini, 2006) . The perisynaptic distribution of DGL-␣ observed in hippocampal interneurons and pyramidal cells as well as throughout the CNS (Katona et al., 2006; Yoshida et al., 2006; Lafourcade et al., 2007; Uchigashima et al., 2007; Mátyás et al., 2008; Nyilas et al., 2009) represents its integration into a signalosome called the perisynaptic signaling machinery, which has the postulated function to translate the magnitude of presynaptic glutamatergic activity into a negative-feedback signal via perisynaptic group I mGlu activation, 2-AG mobilization, and presynaptic CB 1 engagement . Indeed, we found that treatment with either MPEP or THL completely eliminated both forms of LTD in hippocampal interneurons, arguing for the functional operation of this signalosome in hippocampal interneurons. Collectively, these findings highlight that the molecular architecture for retrograde 2-AG signaling is qualitatively conserved across cell types and brain regions.
Functional implications
Despite this qualitative similarity, quantitative differences in the induction thresholds of endocannabinoid-LTD reported here suggest that different cell types may produce 2-AG during different network states. We found that a stronger stimulation protocol or higher concentrations of DHPG were necessary to induce LTD in interneurons compared with pyramidal cells in accordance with significantly lower levels of DGL-␣ in GABAergic cells. When excessive neuronal activity increases extracellular glutamate to sufficiently high levels for activation of perisynaptic group I mGlu receptors, 2-AG signaling at the network level limits the spread of this potentially pathological activity and protects against neuronal insult . Our results suggest that this circuit breaker function switches on earlier in pyramidal cells than in GABAergic interneurons, and thereby may serve a role to prevent or delay the switch from normal to a pathological activity state (Monory et al., 2006) . As a consequence of these differences, there should be a time window when excitatory-excitatory connections are weakened, while excitatory-inhibitory interactions remain fully functional. During this period, an alteration in synaptic weights will enhance the dominance of synaptic inhibition in the network, which may help to reverse a high activity state to a lower one (Malva et al., 2003) . However, when synaptic excitation onto interneurons also becomes suppressed, network behavior might more easily shift to the pathological range (Piet et al., 2011) . Thus, cell type-specific regulation of retrograde 2-AG signaling may be a beneficial way to exploit this messenger system in a network state-dependent mode.
